The aim of the present study was to investigate whether fasting for 24 and 48 h induces apoptosis of rat mesenteric lymph node lymphocytes similar to that observed previously in diabetic patients and alloxan-induced diabetic rats. Several features of lymphocyte death were evaluated by flow cytometry. Plasma levels of glucose, NEFAs (non-esterified fatty acids) and ketone bodies (acetoacetate and β-hydroxybutyrate) were determined in rats fasted for 24 and 48 h. Lymphocytes obtained from fasted rats had an increase in DNA fragmentation and phosphatidylserine externalization after 48 h of culture, although there was no loss of membrane integrity in lymphocytes even after 48 h of culture. Cytochrome c release from the mitochondrial intermembrane space into the cytosol was increased significantly in lymphocytes from fasted rats cultured for 24 h, whereas the levels of bcl-2 and bax proteins were not affected. Activities of caspases 3, 6, 8 and 9 were increased significantly in lymphocytes from rats fasted for 24 h, whereas only an increase in caspase 3 and 9 activities were observed in rats fasted for 48 h. In conclusion, fasting for 24 and 48 h caused a significant increase in the proportion of lymphocytes undergoing apoptosis. The occurrence of apoptosis was observed by DNA fragmentation, phosphatidylserine externalization, cytochrome c release from the mitochondria and activation of the caspase cascade. These findings support the hypothesis that conditions that raise plasma fatty acids levels (e.g. diabetes and starvation) may impair immune function by causing lymphocyte death.
INTRODUCTION
Apoptosis plays an important role in tissue homoeostasis and organogenesis in eukaryotes. A large variety of stimuli can trigger apoptosis such as ROS (reactive oxygen species), NO, high calcium concentration, ceramides, NEFAs (non-esterified fatty acids), UV radiation, toxins, glucocorticoids and growth factor withdrawal [1, 2] . Apoptotic events include DNA fragmentation, chromatin condensation, membrane blebbing, cell shrinkage and disassembly into membrane-enclosed vesicles (apoptotic bodies) [3] . Cellular changes also include activation of caspases accompanied by subsequent proteolysis of their substrates, phosphatidylserine externalization and various mitochondrial changes, such as loss of mitochondrial polarization ( m ), release of pro-apoptotic factors and generation of ROS [4] [5] [6] .
The bcl-2 family of proteins is a key regulator of the mitochondrial response to apoptotic signals in the intrinsic pathway and contains both pro-and anti-apoptotic members. Several of these proteins localize to mitochondria and finely control the process of apoptosis through regulation of the release of mitochondrial mediators of the apoptotic machinery. The extrinsic and intrinsic pathways initially appeared to be independent; however, it is clear that a cross-talk exists between the two pathways [7] .
We have shown previously [8] that diabetic patients have an increased proportion of apoptotic lymphocytes accompanied by decreased number of these cells in the blood. The increased proportion of apoptotic lymphocytes in diabetic patients was confirmed by flow cytometric analysis of DNA fragmentation, phosphatidylserine externalization, mitochondrial depolarization as well as chromatin condensation by using Hoescht 33342 staining. The same phenomenon was also observed in lymphocytes obtained from alloxan-induced diabetic rats [8] .
The fasted state is similar to the diabetic state in several important features. Both have increased catabolism due to low insulinaemia. Fasted and diabetic patients have an increased number of infections, and increased lipolysis occurs in both diabetic and fasted states. The hydrolysis of adipose triacylglycerols provides glycerol for gluconeogenesis but, more importantly, they supply fatty acids, which are quantitatively the major fuel for the human body. Fatty acids are not only oxidized directly by various tissues in the body, but they are also converted in the liver into compounds known as ketone bodies, which are subsequently oxidized by other tissues. Increased levels of NEFAs and ketone bodies [acetoacetate and β-HBA (β-hydroxybutyrate)] are observed in plasma from fasted and diabetic patients [9] [10] [11] [12] [13] .
The aim of the present study was to investigate whether fasting for 24 and 48 h induces apoptosis of rat mesenteric lymph node lymphocytes similar to that observed in diabetic patients. Plasma levels of glucose, NEFAs and ketone bodies (acetoacetate and β-HBA) were determined in rats fasted for 24 and 48 h. The following features of cell death were evaluated by flow cytometry: loss of membrane integrity, DNA fragmentation, phosphatidylserine exposure and mitochondrial depolarization. Accumulation of neutral lipids was also determined using Nile Red. Activities of caspases 3, 6, 8 and 9 were evaluated by using spectrofluorimetric assays. The Acridine Orange/ethidium bromide assay was carried out using fluorescence microscopy. Cytochrome c release from the mitochondrial intermembrane space into cytosol and the content of bcl-2 (anti-apoptotic) and bax (pro-apoptotic) proteins were determined by Western blot analysis. The experiments were performed in freshly obtained cells and in lymphocytes cultured for 24 and 48 h. The changes observed in freshly isolated lymphocytes might be pronounced by keeping the cells in culture.
MATERIALS AND METHODS

Reagents and enzymes
All reagents for buffers, PI (propidium iodide), ethidium bromide and Triton X-100 were obtained from Sigma.
Rhodamine 123, Nile Red and Acridine Orange were obtained from Molecular Probes. RPMI 1640 culture medium and antibiotics were purchased from Invitrogen. The annexin V-FITC kit was obtained from Clontech Laboratories. Polyclonal anti-(cytochrome c), anti-(bcl-2), anti-bax and anti-(α-actin) antibodies were purchased from Santa Cruz Biotechnology.
Animals
Male Wistar rats, weighing 220 + − 20 g, were obtained from the Faculty of Pharmaceutical Sciences, University of São Paulo, São Paulo, Brazil. The control group was fed ad libitum and maintained in a room at 23
• C with the lights on from 07.00 to 19.00 hours. Fasted rats were maintained under similar conditions, but were deprived of food for 24 or 48 h. The Animal Experimental Committee of the Institute of Biomedical Sciences, University of São Paulo granted ethical approval for this study.
Experimental procedure
Fasted rats (24 and 48 h) and matched controls were killed by decapitation without anaesthesia between 08.00 and 11.00 hours. Mesenteric lymph nodes were dissected and lymphocytes were prepared as described previously [14] . After centrifugation at 800 g for 10 min, lymphocytes were suspended in RPMI 1640 medium. All evaluations were carried out in freshly obtained lymphocytes (0 h) or after 24 and 48 h of culture. The number of viable cells (> 95 %) was determined in a Neubauer chamber using an optical microscope (NikonYS2-H) following addition of 1 % (w/v) Trypan Blue solution.
Blood samples (5 ml) were collected from the rats and placed in test tubes without heparin. The samples were centrifuged at 800 g for 10 min, and the serum was collected and stored at − 20
• C for determination of glucose, NEFAs and ketone bodies.
Determination of metabolites
The NEFA assay was carried out by using a NEFA C Kit (Wako Chemicals) as described by Duncombe [15] and following the manufacturer's instructions. Acetoacetate was assayed as described by Mellanby and Williamson [16] . β-HBA was measured using a kit from Sigma, as described by Williamson and Mellanby [17] . Glucose was determined using a kit from CELM, as described previously by Trinder [18] .
Cell culture
Lymphocytes obtained from control rats and rats fasted for 24 and 48 h were cultured at 37
• C in an air/CO 2 atmosphere at a density of 1 × 10 6 cells in 1 ml of RPMI 1640 medium supplemented with 10 % (v/v) foetal calf serum, 20 mmol/l Hepes, 2 mmol/l glutamine and antibiotics (100 units/ml streptomycin and 200 units/ml penicillin). After 24 or 48 h of culture, the cells were collected, washed with PBS [137 mmol/l NaCl, 2.7 mmol/l KCl and 8.0 mmol/l Na 2 HPO 4 (pH 7.4)] and used for the assays.
Cell membrane integrity
Immediately after being obtained and at the end of the culture period, the membrane integrity of cells (5 × 10 5 ) was tested. This assay was carried out in a FACScalibur flow cytometer (Becton Dickinson) using 50 µg/ml PI dissolved in PBS. PI is a highly water-soluble fluorescent compound that cannot pass through intact membranes and is generally excluded from viable cells. When cells lose membrane integrity, it passes through the membrane and binds to DNA. Therefore an increase in PI fluorescence indicates a decrease in the proportion of viable cells. PI fluorescence was determined using the FL2 channel (orange/red fluorescence; 585/42 nm).
Internucleosomal DNA fragmentation
Analysis of internucleosomal DNA fragmentation was performed at 0 and 48 h of culture. After culture, cells (5 × 10 5 ) were harvested, sedimented by centrifugation (800 g) and incubated for 24 h in the dark at 4
• C in a solution containing 0.1 % citrate, 0.1 % Triton X-100 and 50 µg/ml PI [19] . Cellular PI fluorescence was then evaluated by flow cytometry. This procedure determines the proportion of cells with less DNA (subG1 DNA content). The reduced DNA content is probably a consequence of a progressive loss of DNA from cells due to activation of endogenous endonuclease and subsequent leakage of low-molecular-mass DNA products. A total of 10 000 events were evaluated per experiment, and cellular debris was omitted from the analysis. PI fluorescence was determined as described above.
DNA fragmentation analysed by agarosegel electrophoresis
Internucleosomal DNA fragmentation was analysed by agarose-gel electrophoresis from lymphocytes obtained from control rats or rats fasted for 24 and 48 h. Cells cultured (2 × 10 6 ) for 24 h in RPMI 1640 medium without treatment were collected and pelleted by centrifugation at 1200 g for 10 min. Whole viable cells were prepared for in-gel digestion, and DNA was separated on a 2 % (w/v) agarose gel together with a 100-bp ladder marker [20] . DNA was visualized under UV light after being stained with 0.5 µg/ml ethidium bromide and photographed.
Analysis of MTP (mitochondrial transmembrane potential)
MTP was analysed in cells immediately after being obtained (0 h) and after 48 h of culture. Cells (5 × 10 5 ) were incubated in the presence of the fluorochrome Rhodamine 123 (2.5 µmol/l) in PBS for 10 min at 37
• C. Cells were then washed twice in PBS before being incubated for 30 min in 500 µl of PBS at 37
• C and analysed by flow cytometry. Fluorescence of Rhodamine 123 was determined using the FL1 channel (green fluorescence; 530/30 nm).
Analysis of phosphatidylserine externalization
Phosphatidylserine externalization was performed in cells at 0 and 48 h of culture. Cells were harvested and an annexin V-FITC assay kit was used to evaluate phosphatidylserine externalization. Cells (5 × 10 5 ) were resuspended in 100 µl of binding buffer [10 mmol/l Hepes, 140 mmol/l NaCl and 2.5 mmol/l CaCl 2 (pH 7.4)] and incubated with 5 µl of annexin V (20 µg/ml annexin V-FITC) for 15 min in the dark at room temperature. After incubation, 10 µl of PI and 300 µl of binding buffer were added to cells and flow cytometric analysis was performed. Annexin V-FITC fluorescence was determined using the FL1 channel with PI being determined using the FL2 channel.
Determination of intracellular neutral lipids
Lymphocytes (5 × 10 5 ) were assayed for neutral lipid accumulation by using 0.1 µg/ml Nile Red immediately after the cells were obtained. Nile Red is a selective fluorescent stain for intracellular lipid droplets. The analysis was carried out using the FL1 channel. Cells were also analysed for Nile Red staining using a fluorescence microscope with a filter for 535/40 nm and KS 300 software (Zeiss).
Acridine Orange/ethidium bromide assay
Immediately after being obtained and after 48 h of culture, lymphocytes were assayed for Acridine Orange/ ethidium bromide staining. Cells were harvested, sedimented by centrifugation and resuspended in 25 µl of PBS. Afterwards, 1 µl of Acridine Orange/ethidium bromide (100 µg/ml of aqueous solution) was added and cells were examined using a fluorescence microscope. The cells were analysed using a fluorescence microscope with filter at 470/40 nm (Zeiss).
Proteolytic activities of caspases 3, 6, 8 and 9
Lymphocytes (1 × 10 6 ) were harvested after 24 h of culture, centrifuged, washed in PBS and subsequently lysed with 100 µl of lysis buffer [100 mmol/l Hepes/ KOH (pH 7.5), 10 % (w/v) sucrose, 10 mmol/l dithiothreitol, 0.1 % CHAPS, 100 µmol/l PMSF, 10 µg/ml leupeptin and 2 µg/ml aprotinin]. Samples were incubated on ice for 30 min and centrifuged at 12 000 g for the same period. The soluble fraction was transferred to a new tube and protein was determined as described below. Caspase 3, 6, 8 and 9 activities were assayed as described by Thornberry [3] , but with slight modifications. Briefly, 20 µg of total protein was placed into a 96-well plate. Reaction buffer [100 mmol/l Hepes/KOH (pH 7.5) 10 % (w/v) sucrose, 10 mmol/l dithiothreitol, 100 µmol/l PMSF, 10 µg/ml leupeptin and 2 µg/ml aprotinin] was then added to a final volume of 100 µl. The plate was incubated at 37
• C for 15 min. After incubation, 1 µl
Ac-IETD-AFC (N-acetyl-Ile-Glu-Thr-Asp-AFC) and Ac-LEHD-AMC (N-acetyl-Leu-Glu-His-Asp-AMC) as substrates for caspase 3, 6, 8, and 9 respectively, was added. The fluorescence of AMC and AFC cleaved from the peptides by the respective caspases was monitored over 30 min in a spectrofluorimeter (Spectra Max Gemini XS; Molecular Devices) at 380 nm excitation and 460 nm emission.
Western blotting analysis
Lymphocytes (2 × 10 7 ) from control and fasted rats were cultured for 24 h as described above. Cells were then extracted and total protein was separated by gel electrophoresis by SDS/PAGE, followed by immunoblotting with anti-(cytochrome c), anti-(bcl-2) and anti-bax primary antibodies. For the investigation of cytochrome c release from the mitochondrial intermembrane space, lymphocytes were permeabilized by adding 100 µl of extracting buffer [250 mmol/l sucrose, 70 mmol/l KCl, 137 mmol/l NaCl, 4.3 mmol/l Na 2 HPO 4 , 1.4 mmol/l KH 2 PO 4 , 200 µg/ml digitonin, 100 µmol/l PMSF, 10 µg/ ml leupeptin and 2 µg/ml aprotinin (pH 7.4)]. Cells were then incubated for 3 min on ice and centrifuged at 1000 g for 5 min. The supernatant (100 µl) containing cytochrome c was collected and 25 µl of 5× SDS buffer [40 mmol/l Tris/HCl (pH 6.8), 10 % (w/v) SDS, 50 % (v/v) glycerol and 12.5 % (v/v) 2-mercaptoethanol] was added. The samples were then heated at 100
• C for 5 min and protein extracts were resolved by SDS/PAGE [15 % (w/v) polyacrylamide gels]. For analyses of the total content of bcl-2 and bax proteins, cells were extracted by adding 120 µl of heated buffer [100 mmol/l Tris/HCl (pH 7.5), 10 mmol/l EDTA, 10 % (w/v) SDS, 100 mmol/l sodium fluoride, 100 mmol/l sodium pyrophosphate and 10 mmol/l sodium orthovanadate]. Cells were then sonicated for 1 min. Subsequently, the samples were centrifuged at 11 999 g for 40 min at 4
• C. After centrifugation, the supernatant was used for protein quantification. Immediately before electrophoresis, the samples were heated at 100
• C for 5 min and protein extracts (30 µg) were resolved by SDS/PAGE [12 % (w/v) polyacrylamide gel]. After electrophoresis, proteins were transferred on to nitrocellulose membranes (100 V for 1.5 h). The membranes were incubated with blocking solution [0.15 mmol/l NaCl, 20 mmol/l Tris/HCl (pH 7.4), 0.1 % 
Protein determination
The protein content of the cells was measured by the method of Bradford [21] , using BSA as a standard.
Statistical analysis
The results are expressed as means + − S.E.M. of 15 wells from at least three experiments, as indicated in the Figures . ANOVA was employed to detect differences between the groups, followed by the Tukey's post-hoc test. Student's t test was also employed to detect differences between the two groups. P < 0.05 was taken to indicate significant differences.
RESULTS
Effect of fasting on serum concentrations of glucose, NEFAs and ketone bodies
As shown in Table 1 , the NEFA concentration was significantly increased in serum from rats fasted for 24 h (75 %) and 48 h (120 %) compared with the control group. Glucose concentration was decreased by 39 % and 48 % after rats were fasted for 24 and 48 h respectively, compared with control rats. Both ketone bodies (β-HBA and acetoacetate) were increased in serum from fasted rats; however, the increase in β-HBA was more pronounced than that in acetoacetate. In serum from rats fasted for 24 h, β-HBA levels were increased 5.1-fold compared with the control group, whereas, after fasting for 48 h, β-HBA levels were 20.3-fold higher than the control group.
Effects of fasting on cell membrane integrity
Membrane integrity of lymphocytes obtained from rats fasted for 24 and 48 h remained unchanged immediately after cells were obtained and after 48 h of culture (results not shown).
Effect of fasting on DNA fragmentation
A significant increase in DNA fragmentation was observed in lymphocytes after 48 h of culture from both rats fasted for 24 and 48 h compared with cells from control rats (Figure 1 ). The increase in DNA fragmentation reached 57 % after 48 h, whereas at 24 h of fasting this increase was 45 %. DNA fragmentation was increased by 89 % in freshly obtained lymphocytes from rats fasted for 48 h compared with the control group.
Effect of fasting on internucleosomal DNA fragmentation
Chromosomal DNA fragmentation into oligonucleosomal-sized DNA is an important indicator of the occurrence of apoptosis [22] . After 48 h of culture, the occurrence of fragmented DNA was greater in lymphocytes from fasted rats than in cells from the control group (Figure 2 ).
Effect of fasting on phosphatidylserine externalization
The fasted groups had an increase of phosphatidylserine exposure on the outer plasma membrane of lymphocytes after 48 h in culture (Figure 3 ). Lymphocytes from rats fasted for 24 h had a 93 % increase in phosphatidylserine exposure compared with the control group, whereas in
Figure 2 Effect of fasting on internucleosomal DNA fragmentation in rat lymphocytes
After 48 h of culture, cells were harvested, and DNA was extracted and analysed on 2 % (w/v) agarose gel as described in the Materials and methods section. Results are representative of two different experiments using three rats each. MW, molecular-size marker. Arrows indicate fragmented DNA.
Figure 3 Effect of fasting on phosphatidylserine externalization
Lymphocytes from control and rats fasted for 24 and 48 h were analysed immediately after being obtained (freshly obtained) and after 48 h of culture. Externalization of phosphatidylserine in the outer plasma membrane was analysed by flow cytometry using annexin V-FITC (FL1 channel) as described in the Materials and methods section. Results are means + − S.E.M. of ten individual analyses from at least two experiments.
cells from rats fasted for 48 h this increase was 135 % compared with the control group. There was no significant difference between lymphocytes from the control group and those from fasted rats analysed immediately after the cells were obtained (Figure 3 ).
Effect of fasting on MTP
Fasting state did not significantly change mitochondrial polarization in lymphocytes either immediately after being obtained or after 48 h of culture, as evaluated by using a Rhodamine 123 efflux assay (results not shown). 
Effect of fasting on intracellular neutral lipid accumulation
Lymphocytes from rats fasted for 24 and 48 h were evaluated for lipid accumulation immediately after being obtained; however, no significant differences were observed compared with cells from the control group (results not shown). Similar results were obtained when cells were analysed for lipid accumulation by using Nile Red and a fluorescence microscope.
Effect of fasting upon viable/ apoptotic cells
To examine the effect of fasting on nucleus chromatin condensation, lymphocytes (5 × 10 5 ) were stained with Acridine Orange/ethidium bromide. Viable cells actively take up Acridine Orange and display green fluorescence. Condensation of nuclear chromatin is characterized by loss of the structural framework resulting in a smooth homogeneous appearance and DNA hyperchromicity, which combined with nuclear fragmentation, is the most characteristic feature of apoptosis. After 48 h of culture, there was an increase in the proportion of cells with chromatin condensation (arrows in Figure 4 ) and apoptotic nuclei from rats fasted for 24 ( Figure 4b ) and 48 h (Figure 4c ) compared with cells from control rats (Figure 4a ).
Effect of fasting on cytochrome c release from the mitochondria and bcl-2 and bax expression
The release of cytochrome c from the mitochondrial intermembrane space was evaluated in order to examine the involvement of this organelle in the fasting-induced apoptosis of lymphocytes. Cytochrome c was detected in cytosol fraction after 24 h of culture. Lymphocytes from rats fasted for 24 and 48 h had an increase in cytochrome c release of 80 % after fasting compared with cells from the control group ( Figure 5A ). The expression of bcl-2 and bax proteins was not modified by fasting, as shown in Figures 5(B) and 5(C).
Effect of fasting on caspase 3, 6, 8 and 9 activities
The effect of fasting for 24 and 48 h on caspase 3, 6 8 and 9 activities in lymphocytes after 24 h of culture was examined. Lymphocytes obtained from rats fasted for 24 h had a 375 % increase in caspase 3 activity compared with the control group ( Table 2) . After fasting for 48 h, this increase of caspase 3 activity was approx. 28 % compared with control rats. Caspase 6 activity was also significantly increased in lymphocytes from rats fasted for 24 h (335 %) compared with the control group, whereas, in cells from rats fasted for 48 h, there was no change compared with the control group. A similar increase in caspase 8 activity was observed in lymphocytes from rats fasted for 24 h (380 %) and 48 h (15 %) compared with the control group. Caspase 9 activity was significantly increased after fasting for 24 h (by 40 %) and 48 h (by 29 %) compared with the control group.
DISCUSSION
We have reported previously [8] that a significant proportion of lymphocytes obtained from diabetic patients and alloxan-induced diabetic rats show apoptotic features, such as DNA fragmentation and chromatin condensation without loss of cell membrane integrity. In the same study [8] , we found a decreased number of circulating lymphocytes in diabetic patients, possibly as a consequence of the high occurrence of apoptosis. The decrease in the number of lymphocytes might play an important role in the impaired immune function and high incidence of infections in poorly controlled diabetic patients.
In the present study we have shown that lymphocytes obtained from rats fasted for 24 and 48 h have an increase in DNA fragmentation and phosphatidylserine The cytosolic fractions for cytochrome c were prepared after treatment with digitonin. Cytochrome c release was detected by immunoblotting analysis with an anti-(cytochrome c) antibody (15 kDa). Levels of bcl-2 and bax were determined using anti-(bcl-2) (26 kDa) and anti-bax (21 kDa) antibodies. Upper panels, quantification of the blots by scanning densitometry. Lower panels, representative autoradiographs are shown. Results are means + − S.E.M. of three experiments with lymphocytes obtained from three rats per experiment. α-Actin was used as an internal control.
Table 2 Effects of fasting upon caspase activities
Values are means + − S.E.M. of at least ten determinations from two experiments using three rats. externalization. These apoptotic features were more pronounced after 48 h of fasting when blood glucose levels were low and the plasma levels of NEFA and ketone bodies were increased (Figures 1 and 3 , and Table 1 ). There was no loss of membrane integrity in lymphocytes, as shown by the PI assay and by Acridine Orange/ethidium bromide staining even after 48 h of culture ( Figure 4) . Several studies have shown that fatty acids cause apoptosis in different cell lines [23, 24] . Therefore increased levels of circulating NEFAs, as observed during prolonged fasting and diabetes, may explain the high proportion of lymphocytes undergoing apoptosis. Recently, we investigated the susceptibility of human lymphocytes to apoptosis when exposed to increasing concentrations of an NEFA mixture that was prepared in the proportions found in normal human plasma [25] . The fatty acid mixture triggered apoptosis of normal human lymphocytes and leukaemia cell lines (Raji and Jurkat). Leukaemia cells were more susceptible to apoptosis than human lymphocytes. Therefore increased plasma levels of NEFAs observed in fasted rats may trigger the process of apoptosis in lymphocytes. However, the mechanisms involved in the NEFA-induced apoptosis in lymphocytes from fasted rats remain to be elucidated.
Several studies have shown that neutral lipid accumulation as triacyglycerol is directly related to fatty acid toxicity [26] [27] [28] . These lipid bodies may serve as buffers against lipotoxicity. Monounsaturated oleic acid is readily incorporated into triacyglycerol and is well tolerated by CHO (Chinese-hamster ovary) cells, whereas saturated palmitic acid does not accumulate as triacyglycerol and induces apoptosis of the same cell type [28] . Similar results were observed in Raji cells treated with oleic acid, which had a greater lipid accumulation associated with a lower toxicity than cells treated with linoleic acid [24] . Controversial results were obtained in U937-1 cells that had a greater number of lipid droplets per cell when exposed to EPA (eicosapentaenoic acid) compared with oleic acid, and this was accompanied by enhanced apoptosis [23] . In our present study, analysis of lipid accumulation using the Nile Red assay revealed that fasting did not cause lipid accumulation in lymphocytes.
Lymphocytes obtained from rats fasted for 24 and 48 h did not have a decrease in mitochondrial polarization, as indicated by the Rhodamine 123 efflux assay; however, cytochrome c release from the mitochondrial intermembrane space into the cytosol was significantly increased in lymphocytes from fasted rats ( Figure 5 ). The mechanisms responsible for the release of mitochondrial mediators during cell death still remain under debate. Cytochrome c release can occur in the absence of mitochondrial depolarization and without loss of outer membrane integrity. These observations suggest that, instead of rupturing, a more selective mechanism of permeabilization may be operating, such as the formation of a pore in the outer membrane, i.e. the mitochondrial apoptosis-induced channel [1, [29] [30] [31] . This effect of fasting on cytochrome c release from lymphocyte mitochondria does not involve changes in bcl-2 and bax protein expression. Similar results were observed in endothelial cell apoptosis induced by serum starvation in vitro [32] .
Various apoptotic agents induce the release of cytochrome c from mitochondria, which then activates the caspase cascade through the formation of Apaf (apoptotic protease-activating factor) complexes in the cytosol. Several studies have shown that fatty acids can induce apoptosis by increasing caspase activity [33] [34] [35] [36] . Whether this effect involves NO and ROS production remains to be investigated. These findings corroborate our hypothesis that NEFA-induced apoptosis in lymphocytes from fasted rats involves activation of the caspase cascade.
In conclusion, fasting for 24 and 48 h caused a significant increase in the proportion of rat lymph node lymphocytes undergoing apoptosis. The occurrence of apoptosis was observed by DNA fragmentation, phosphatidylserine externalization, cytochrome c release from the mitochondria and activation of the caspase cascade. These findings support the hypothesis that conditions that raise plasma fatty acids levels (e.g. diabetes and starvation) may impair immune function by causing lymphocyte death.
